Background and Purpose: Data from recent multicenter carotid endarterectomy trials have questioned the validity and reliability of Doppler ultrasound in the assessment of carotid stenosis.
T wo recently published multicenter studies have firmly established carotid endarterectomy as the best prophylaxis against stroke in cases of high-grade carotid atherosclerosis: the North American Symptomatic Carotid Endarterectomy Trial (NA-SCET)' and the European Carotid Surgery Trial (ECST). 2 The results of similar trials in asymptomatic patients have been published,34 and one other large study is in progress. 5 To minimize the risks associated with carotid angiography, many trialists used Doppler ultrasound methods to screen for the presence and severity of carotid stenosis. In general, the reported accuracy of noninvasive ultrasound methods has been disappointing, often with wide divergence from results of the apparent "gold standard" of angiography. As a result, some authors suggest that ultrasound methods are so unreliable that they are a "dubious presurgical strategy" and should be used only for the diagnosis of minor degrees of carotid stenosis.67 Promulgation of such opinions will undermine confidence in ultrasound data, may cause some to See Editorial, page 1281 abandon the use of carotid ultrasound technology, and could in effect deny patients access to a valuable and cost-effective diagnostic aid.
Angiographic stenoses with 70% to 80% diameter reduction as measured by NASCET and ECST techniques often have pinpoint lumens at surgery (>90% stenosis). This suggests that both these linear methods of measurement consistently underestimate the "true" anatomic stenosis. The aim of this study, therefore, was to evaluate more closely the apparent discrepancies between carotid angiographic imaging and ultrasound and to compare them with the findings at carotid endarterectomy.
Subjects and Methods
We prospectively compared carotid angiographic findings with those of color-flow duplex sonography (duplex) in patients undergoing carotid endarterectomy from June 1992 to March 1993. All patients had previous transient ischemic attacks or minor stroke. Angiography was performed by the intra-arterial digital subtraction technique via the femoral route using selective catheterization of the extracranial arteries. Biplanar images were obtained for each internal carotid artery (ICA). Measurements of ICA diameter reduction were performed by use of the linear-based methods of NA-SCET8 and ECST2 (Fig 1) ("eyeballing") by an independent neuroradiologist. All measurements were assessed in a blind manner. To test the difference between linear and area methods of measuring carotid stenosis, we calculated the area luminal reduction from the linear NASCET and ECST formulas using the irr2 function as outlined in Fig  2. The derived equations were then termed "squared NASCET" (N2) and "squared ECST" (E2).
Color-flow duplex sonography of the carotid arteries was performed on a Diasonics Spectra (Diasonics Inc, Milpatas, Calif) using a 7.5-MHz transducer. The highest peak systolic velocity in the stenotic area was documented in each case. Evaluation of the degree of stenosis was based on previously published criteria9'10 as well as the conversion curve from linear index to area stenosis (Fig 3) . This was performed without knowledge of the angiographic findings. In a subgroup of these patients in whom carotid endarterectomy was performed, the plaque was carefully dissected out intact and immediately placed in saline. Plaques that fragr R FIG 2. Diagram showing area luminal reduction of arterial stenosis calculated by the rt2 formula. Arterial stenosis was calculated as follows: 1 -(rrr2 /7rR2) x 100 = 1 -(r2 / R2)x100=1-(d2 n2) x100, where r is the radius of the residual lumen, R is the radius ofa normal lumen, d is the diameter ofthe residual lumen (2r), and n is the diameter of the normal vessel (2R).
mented during surgery were discarded. The plaque was photographed both longitudinally and end-on, placed in formalin followed by decalcification, and photographed again. It was then sectioned manually in approximately 2-mm sections, placed on paper with a 1-mm calibration, and rephotographed (Fig 4) .
The carotid bulb was identified, and the section with the narrowest lumen was selected. Planimetric tracings were taken of these, including the millimeter calibration for references. A computerized program SIGMA SCAN (Jandel Scientific, Corte Madera, Calif) was then used to calculate cross-sectional areas of both carotid bulb and the residual lumen. Percent area stenosis was calculated as 1-(Sr/SR) x 100, where S, represents the area of the residual lumen and SR represents the area of the bulb (Fig 2) .
To assess the possible influence of plaque shrinkage, measurements of the specimen were made before and after laboratory processing. Processing produced uniform shrinkage of the whole specimen by 13+1.5% which is consistent with previous studies,1" so that the degree of stenosis was not affected.
Statistical analysis consisted of t tests and regression analyses to compare groups.
Results
We evaluated 45 consecutive patients undergoing carotid endarterectomy. When we compared the various linear (NASCET and ECST), eyeballing, and area (N2 and E2) methods of angiographic evaluation to carotid ultrasound data, we found significant differences in all, except for N2 and eyeballing methods (Table 1) . Furthermore, when NASCET was compared with ECST, there was also a significant discrepancy (P<.006). There were also striking discrepancies when the regression lines were compared (Fig 5) . For instance, a NASCET linear stenosis of 55% equaled approximately 70% on ECST, 78% on N2, and 88% on E2. Conversely, a duplex stenosis of 80% corresponded to 80% on N2.
With these discrepancies established, however, the question remains as to which is correct. That is, which method most accurately reflects the anatomic stenosis seen at surgery? We then compared mean ICA stenoses measured by ultrasound and each of the angiographic methods with planimetric measurements taken on the 15 carotid plaques that had been removed intact and evaluated without knowledge of the angiographic or ultrasound findings. NASCET and ECST methods consistently underestimated the planimetric measurements of the surgical specimens, whereas duplex, N2, and E2 did not differ significantly ( (Fig 3) indicates that there Duplex  Planimetry  1  70  91  80  97  95  97  2  80  95  75  95  95  93  3  85  99  75  95  95  96  4  50  75  60  84  95  93  5  85  98  95  99  95  94  6  70  91  90  99  95  96  7  95  99  99  99  99  99  8  99  99  99  99  99 patients with more stenosed carotid lesions. From our data, the NASCET surgical threshold of 70% diameter reduction actually represents 91% area stenosis, whereas the ECST threshold of 70% is equal to 80% area stenosis. The "moderate" (30% to 70%) NASCET group at present being enrolled actually represents area stenoses ranging from 54% to 91%. Indeed, some patients who are at present being randomized to the medical arm of this study will actually have more than 70% ECST stenosis, which is above the recommended threshold for surgery. As attempts are made to evaluate lower and lower degrees of carotid stenosis, the paradoxical NASCET negative stenoses already alluded to will make accurate assessment impossible.
Discrepancies between duplex ultrasound and angiography have been previously documented,6,13,14 but our data indicate that duplex is more, not less, accurate than either of the NASCET and ECST methods. The apparent discrepancies, in fact, represent the correlation between linear and area functions.
It has been suggested that the discrepancy between angiography and ultrasound methods reflects the unevenness of the ultrasound technique. Duplex technology is operator and interpreter dependent, but so is angiography. The NASCET or ECST criteria cannot be applied unless a clear biplanar angiographic image of the stenotic area is obtained. Furthermore, because these angiographic formulas were not established using a comparison to a gold standard, one cannot then evaluate performance of duplex in carotid atherosclerosis measured by NASCET and ECST methods. It is essential in studies of this kind to have internal validation of Doppler criteria with quality assessment to provide reliable and consistent results. This should include standardization of equipment, uniform sonographic criteria, and validation of all involved ultrasound laboratories before enrollment into the study.
In conclusion, our data indicate that NASCET and ECST linear methods significantly underestimate the degree of underlying carotid stenosis and are actually less accurate than duplex ultrasound. These inaccuracies in measurement of high-grade carotid atherosclerosis can be easily corrected by using area (7r2) instead of linear derivations. Duplex ultrasound remains the easiest, least expensive, safest, and most accurate screening test for evaluating carotid stenosis.
